Abstract. There is a continuously developing need for benchmarking of solidification simulationsfrom the theoretical [1] as well as from the applied [2] points of view. The history of related benchmarking shows differences of the results between different numerical methods, and differences in comparison with the experiments when solving even quite simple solidification situations. The present benchmark test proposes macrosegregation [3] upgrades to the verification benchmark for continuous casting of steel, first presented in [2] . The paper represents guidelines for the presentation of the numerical method, discretisation and results and shows a reasonable comparison between a commercial finite volume based code and our in-house developed meshless method based code.
Introduction
Continuous casting [4] is the most common process in the production of steel. The process starts by pouring the molten metal into to the water cooled mold, where cooling intensity is high enough to solidify steel around the inner surface of the mold and generates the solid shell with molten metal in the center of strand. After several minutes, the strand is pulled into the secondary cooling system, which contains water spray systems with much smaller cooling intensity as in the water channels in the mold, and rollers, which support and guide the strand up to the end of the casting machine. The quality of the casted product (round or square billets, blooms or slabs) depends mainly on the process parameters in the mold region, where complex physical phenomena occur. The liquid metal, poured with a high velocity from the submerged entry nozzle (SEM) into the mold, produces turbulent flow with several re-circulating zones. Large heat fluxes, extracted from the mold, are a consequence of very high flow rates of the cooling water in the mold channels. It is impossible to measure temperature and velocity field inside the strand due to the very high temperatures of steel and inaccessibility of the region during the process. The numerical models help us to better understand the casting behavior and to further improve and optimize the process, particularly in such experimentally sophisticated situations. Various numerical methods have already been used to simulate the described spectra of problems. However, until now, there is a lack of benchmark tests that would enable verification of numerical methods for solving transport phenomena in continuous casting of steel in an ordered way. We recently tried to fill this gap with proposing a first such benchmark [2] . In this paper, the turbulent heat transfer and fluid flow discussion in [2] 
Governing equations
The system of equations, describing the heat, species and fluid flow with solidification in the continuous casting of steel, is derived based on the mixture continuum formulation of Bennon and Incropera and Reynolds time-averaging approach for modeling incompressible turbulent flow [2] . The time-averaged transport equations for mass, energy, momentum and solute conservation are
with u , P , h , T and C standing for velocity, pressure, enthalpy, temperature and solute concentration, respectively, and ρ , µ , t µ , f , λ , D standing for density, molecular dynamic viscosity, turbulent dynamic viscosity, volume phase fraction, thermal conductivity, and diffusivity of the material. In above equations, subscripts L and S denote liquid and solid phase. S stands for the strain-rate tensor. The fourth term on the right hand side of Eq. 2 represents Darcy term, where 0 K is the morphology constant of the porous medium and S u is the velocity of the solid phase, and the fifth term represents the buoyancy forces, defined as
where 
where k and ε are kinetic energy and dissipation rate, respectively. They are calculated by the following transport equations
In Eq. 2-4 and 6-8, where m T , e T and e C are melting temperature, eutectic temperature and solute concentration in eutectic alloy, respectively. They are obtained from the linearised phase diagram for the iron-carbon system.
Solution Procedure
Our solution procedure is based on the novel meshless numerical technique. The elements of this technique are given in sufficient detail in [2, [5] [6] [7] and are not repeated here. The turbulence is treated as in [5] and the macrosegregation as in [6] . Let us only remark, that the fields Φ are represented over a set of (in general) non-equally spaced nodes ; 1,2,..., 
where k ψ stands for the multi-quadric radial basis shape functions, k α for the coefficients of the shape functions, and K represents the number of the shape functions. In equation (16) c represents the shape parameter and k r the radial distance between two points in the sub-domain. There is no need for polygonisation between the nodes as in finite element or finite volume methods, which represents a main advantage of the method.
Benchmark Description
Geometry. The proposed benchmark represents a simplified 2D model of the continuous casting process. The geometry of the simplified casting machine is shown in Fig. 1 . A billet with a square cross-section is assumed. The computational domain represents half of the longitudinal section of the billet with length 1.8 (17,18)
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Normal gradient of pressure is set to zero, i.e.
Billet end: The pressure outlet is prescribed, where the following boundary conditions are used
Top surface (meniscus): At the meniscus, the symmetry boundary conditions are used (free surface flow). The normal derivative of all variables is set to zero, except the vertical velocity y u , which is set to zero.
Moving walls: The walls with the solidified steel move with casting velocity along the casting direction. At the walls, where the liquid phase exists, the no-slip boundary conditions for the velocity are set. In the mould, the Robin boundary condition is used, with the surface heat transfer coefficient equal to A reasonable agreement between the velocity and temperature fields, calculated by the meshless method and Fluent has been demonstrated in [2] . A comparison between meshless and Fluent results in terms of macrosegration (Fig. 4, 5, 6 ) is not so ideal as in terms of temperature and velocity. However, the converged results of both methods are qualitatively similar with quite similar macrosegregation instabilities in the solid. Additional research and comparisons with the results of other laboratories is needed in order to better judge and understand the cause of the differences.
Conclusions
This paper represents a continuation of numerical benchmarking [2] proposed for the continuous casting of steel. The geometry and material properties of the continuous casting process are simplified in order to enable straightforward performance comparisons with various numerical methods. In the paper, our in-house developed meshless numerical method, based on the local radial basis function collocation, is used to get the steady state solution of the turbulent fluid flow with heat transfer, solidification, and macrosegregation of carbon. The results were obtained without electromagnetic forces [7] in the momentum equation, and with a simplified lever microsegregation model. The numerical calculations based on the FVM, were performed with the CFD package Fluent (version 13), and compared with the results obtained by the LRBFCM meshless method. A reasonable agreement was demonstrated which helps us achieving reliable simulations of the realistic CC situations [8] . The benchmark will be further upgraded and adapted, based on the feedback from the colleges in the field of the numerical modelling of solidification processes. A web page of the benchmark results with systematically tabulated results of different numerical methods will be established, similar to [1] .
